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Abstract 
Modeling surface microstructural changes is a key issue when considering the manufacture of critical metallic parts. 
During machining, extreme temperature conditions appear in the cutting zone (from 700 to 1000 °C with a heating 
and cooling rate around 106 °C.s-1).  Consequently, a metallurgical model has been calibrated for 15-5PH steel using 
experimental dilatometry results (with heating rates varying from 6 °C.s-1 to 11000 °C.s-1). 
This metallurgical model has been implemented in a numerical model for the prediction of surface integrity after 
turning. It has been shown that the thermal kinetic doesn’t allow a significant austenite formation even if the maximal 
reached temperature is clearly higher than the austenization start temperature. The good adequacy between calculated 
and measured residual stress profiles confirms that austenization doesn’t occur.  
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1. Introduction 
Precipitated hardening (PH) stainless steels show excellent mechanical properties, excellent 
weldability and good corrosion resistance. That is why they are used in aerospace and nuclear industries. 
Predicting the surface integrity of mechanical parts is crucial for these industries [1]. This paper focuses 
on the surface integrity generated by finish longitudinal turning of the 15-5PH steel. 
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Recently, a number of studies have reported the apparition of a white layer on the surface of turned 
steel. Ramesh et al.’s study [2] presents white layers formed during machining of hardened AISI 52100 
steel (62 HRC). TEM results suggest that white layers produced at low-to-moderate cutting speeds are in 
large part due to grain refinement induced by severe plastic deformation, whereas white layer formation 
at high cutting speeds is mainly due to thermally-driven phase transformation (austenite transformation). 
Umbrello et al. [3] study residual stresses induced by hard machining of AISI 52100 steel. It is shown that 
white and dark surface layers formation influences the residual stress distribution. Two simple thermal 
models based on the hardness modification were considered to predict phase transformation. 
Nevertheless, the formation mechanisms and nature of white layers produced in machining are not 
clearly understood to date. On one hand, phase transformation (rapid heating, austenite formation and 
quenching) due to purely thermal effects is considered [4]. The white layer is described as untempered 
martensite and is accompanied by a dark layer (overtempered martensite). On the other hand, some 
authors present the white layer as an ultrafine structure layer generated by a large strain gradient and high 
strain rate (dynamic phase transformation [5]). The mechanical aspect is clearly dominant. 
2. The studied turning operation 
In the present work, a classical turning operation with standard cutting conditions is considered. The 
cutting speed is 150 m.min-1, the feed rate is equal to 0.18 mm.rev-1 and the depth of cut is 0.6 mm. 
Standard carbide coated inserts are used. After machining, surface samples have been coated in resin, 
mechanically polished and etched. A white layer is then revealed (Fig 1). Its thickness is about 4 µm. 
 
 
Fig 1. Optical microscopy images of the 15-5PH steel surface microstructure in the cutting speed direction and in the feed direction. 
The 15-5PH steel has a martensitic microstructure. So during heating, austenization can occur if the 
temperature exceeds the transformation start temperature. The thermally-activated austenite 
transformation may be an explanation of the white layer formation. Then two main questions remain 
recurrent. Firstly, what are the maximal reached temperature at the surface and the heating rate during the 
turning operation? Secondly, which metallurgical model should be used to model phase transformation 
during machining? In the following, the parameters of a modified Leblond model have been identified for 
very high heating rates. A stress-free dilatometry study has been performed to determine the austenization 
kinetics of 15-5PH steel. This shows that the austenite transformation kinetics remain dependent on 
heating rates even for highest values. Then, this calibrated metallurgical model has been implemented in a 
machining simulation dedicated to residual stress prediction in turning. 
3. Identification of Leblond’s model parameters adapted to high thermal kinetics 
A great number of studies have shown that machining lead to extremely fast thermal cycles. The 
simple analytical model of Burns et al.’s [6] estimates the heating rate to be almost 106 °C.s-1 during 
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machining of AISI 1045 steel. Moreover Chou and Evans model [4] estimates the cooling of an 
AISI52100 steel to be a few -104 °C.s-1 during dry turning whereas Mondelin et al. [7] quantifies the 
cooling rate at -106 °C.s-1 during the lubricated turning of 15-5PH. Considering these extreme thermal 
kinetics, it seems impossible to use a metallurgical model calibrated for very low heating and cooling 
rates to model a machining operation. 
3.1. Stress-free dilatometry study 
The aim of this stress-free dilatometry study is to extract the variations of the start and end austenite 
formation temperatures (Ac1 and Ac3) according to the heating rate. The 15-5PH steel is in H1025 (40 
HRC) condition. The thermo-mechanical simulator Gleeble® was used to reach high heating rates. The 
heating is produced by Joule effect in the smallest diameter zone of the sample (Fig 2). One of the sample 
extremities is fixed; the other is free to move axially. Dilatation measurements are performed by means of 
a radial dilatometer. The temperature measurements are performed by means of an 80 µm diameter (type 
K) thermocouple. Each measurement was reproduced at least twice. The maximal measurement 
incertitude was set to ±20 °C for Ac1 and ±35 °C for Ac3 for the highest heating rates. 
 
 
Fig. 2. Experimental set-up: positioning the sample in the Gleeble jaws and locations of temperature and dilatation measurements 
Fig 3 represents stress-free dilatometry results. The beginning of the phase transformation is identified 
by the loss in the linearity of the temperature-deformation curve. For heating rates from 6 °C.s-1 to 100 
°C.s-1, the transformation rate increases and the austenization range is slightly reduced (from 146 °C to 
123 °C between Ac1 and Ac3). Ac1 shifts to higher temperatures (from 642 °C to 720 °C). Then for 
heating rates from 1300 °C.s-1 to 11000 °C.s-1, Ac1 stabilises around 725 °C. On the contrary, Ac3 still 
increases. So the austenization range increases to reach 335 °C at 11000 °C.s-1. The time-dependent 
nature of the martensite to austenite transformation is revealed over the whole heating rate range. 
 
 
Fig. 3. Stress-free dilatometry measurements for heating rates from 6 °C.s-1 to 11000 °C.s-1. 
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3.2. Assumptions and calibration of model parameters 
To simulate the extracted austenization kinetics, the form of the Leblond’s model [8] presented in 
equation 1 has been chosen because of the simplicity of its parameters, its easy implementation in F.E. 
calculation codes and its good adequacy to model anisothermal diffusive transformations. 
 
    
            
       
     (1) 
 
where      is the austenite transformation rate, Zeq is the volume proportion of austenite in equilibrium 
(i.e. considering an infinite isothermal holding temperature), Zγ is the current volume proportion of 
austenite and τ is a constant of time (a “delay”). 
 
The parameters have been identified to reproduce stress-free dilatometry results. Leblond’s model is 
presented by means of equation 1. Assumptions related to the evolution of these parameters (Zeq, τ, Ac1 
and Ac3) are taken into account and introduced in the following paragraphs: 
 
 Zeq is considered to be dependent on the temperature but also on the heating rate. The evolution of Zeq 
between Ac1Zeq and Ac3Zeq is considered to be linear (from 0% to 100%). 
 
Ac1Zeq:   
|  |<6 °C.s-1 → Ac1Zeq = 642 °C  
|  |>380 °C.s-1 → Ac1Zeq= 765 °C 
6°C.s-1 <|  |< 380 °C.s-1→Ac1Zeq = 597.|  |0.04 
 
 The delay time τ associated to the reaction is considered to be dependent on the heating rate. In order 
to reproduce the increase in the austenization rate during the transformation, its value will be linearly 
reduced by 60% between Ac1 and Ac3. 
 
|  | <6 °C s-1 → τ = 8.75 s 
|  | >1300 °C s-1 → τ = 0.026 s 
6 °C.s-1 < |  |< 1300 °C s-1 → τ = 36 / |  | 
 
 The austenite transformation can continue during cooling if the austenite proportion does not reach 
100% at the end of the heating process and as long as the temperature remains higher than Ac1. 
 
 
Fig. 4. Comparison between experimental data and results of the calibrated model for different heating rates. 
Ac3Zeq:  
|  |<6 °C.s-1 → Ac3Zeq = 754 °C 
|  |>200 °C.s-1 → Ac3Zeq = 830 °C 
6 °C.s-1 <|  |<200 °C.s-1 → Ac3Zeq = 717.|  |0.03 
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Considering the very low differences between calibrated model results and experimental data during 
austenite transformation (presented in Fig 4), it is possible to conclude that the assumptions related to the 
evolution of Leblond model parameters and identified values are justified and relevant.  
 
Thermal kinetics associated with the manufacture of metallic parts previously presented [4,6,7], are 
still much higher than the heating rates experimentally measured. Nevertheless, it is possible to note that, 
for |  | higher than 1300 °C.s-1, the model is simplified because all the model parameters (Zeq, τ,…) 
become independent from |  |. Indeed, according to the identification of the model parameters, from 1300 
°C.s-1 all parameters have a fixed value: Ac1Zeq =765 °C; Ac3Zeq=830 °C; τ = 0.026 s. Since the 
identification leads to a stabilization of parameters, the evolution of the austenization rate only depends 
on the model reaction (equation 1) to thermal kinetic variations (during heating or cooling). So the model 
has been experimentally validated up to 11000 °C.s-1 and it is reasonably possible to extrapolate the 
model for higher heating and cooling rates. 
4. Application of the identified metallurgical model in machining simulation 
The previously calibrated metallurgical model has been implemented in the 3D hybrid model for the 
prediction of residual stress in turning (fully described in [7] and Fig 5). 
 
 
Fig. 5. Principle of the hybrid model. 
Simulated cutting conditions are identical to experimental ones previously presented. Hybrid model 
predicts a maximal reached temperature of 810 °C at the workpiece surface. This temperature is 168 °C 
higher than the austenite start transformation Ac1 identified with a low heating rate and 45 °C higher than 
the stable value of Ac1 identified up to 11000 °C.s-1. So, the austenization transformation begins during 
machining. Nevertheless, it has been previously shown that the transformation is time-dependent and not 
instantaneous. Computed heating and cooling rates are higher than 106 °C.s-1. With this thermal kinetic, 
the formed austenite is nearly inexistent (less than 0.1%). The same experimental and numerical study has 
been performed using a cutting speed of 250 m.min-1 (computed maximal reached temperature: 870 °C). 
The conclusion about formed austenite is the same.  
Moreover, in the literature, it has been shown that a phase transformation (austenization) highly 
modifies the shape of the predicted residual stress profile [2-4]. In the present study, experimental 
measurements present classical residual stress profiles. Indeed tensile residual stresses are measured in 
the external layer and a compression peak is obtained at a distance around 0.04 mm from the surface. The 
affected depth is about 0.07 mm. The calculated profiles are close to the measured ones. The shape is 
exactly the same and the compressive peak is well represented. Due to the very low percentage of 
predicted formed austenite during machining, computed residual stress profile would be exactly the same 
if transformation effects were not considered in the model. 
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Fig. 6. Comparison of calculated and measured residual stress profiles (Vc=150m.min-1, ap=0.6mm, f=0.18 mm.rev-1). 
5. Discussion and conclusion 
Finally, it is essential to note how important it is to calibrate the transformation kinetics model using 
high heating rates. Indeed, the same case studies would have yielded completely different results if the 
same transformation model calibrated with low heating rates (6 °C.s-1 for example) had been used. 
Heating to 810 °C would have unavoidably caused a complete austenization. Dilatometry tests up to 
11000 °C.s-1 allows to reach thermal kinetics where Leblond model parameters are stabilised. Therefore 
the extrapolation to higher thermal kinetics is justified. For the 15-5PH steel, the minimum heating rate 
for the calibration of the transformation model seems to be around 1300 °C.s-1 (=stabilisation temperature 
of all parameters). So, using this calibrated metallurgical model in turning simulations, one would be able 
to predict a possible austenization of machined surface. In the present study, austenization doesn’t occur. 
The nature and the formation mechanism of the observed surface white layer still can be investigated. 
The nanohardness measurements show that the surface layer is harder than the original material (4.1 GPa 
compared with 3.4 GPa). Moreover, SEM observations reveal a submicronic structure and suggest that 
white layer is in large part due to grain refinement induced by severe plastic deformation. In the present 
work, thermal effects are not sufficient to induced microstructure changes, so mechanical aspects (plastic 
strain and strain rate) should be studied in detail to calibrate a dynamic recrystallization model. 
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